Micro-analysis of Lanthanides and Actinides: A New Approach by a Co-integration of Optical and Fluidic Guides  by Jardinier, E. et al.
 Procedia Chemistry  7 ( 2012 )  685 – 690 
1876-6196 © 2012 The Authors. Published by Elsevier B.V. Selection and /or peer-review under responsibility of the Chairman of the ATALANTA 2012 
Program Committee
doi: 10.1016/j.proche.2012.10.104 
 
 
ATALANTE 2012 
International Conference on Nuclear Chemistry for Sustainable Fuel Cycles 
Micro-analysis of lanthanides and actinides:   
A new approach by a co-integration of optical and fluidic guides 
E. Jardiniera,b, F. Cantoa, L. Coustona*, A. Magnaldoa 
J-E. Broquinb, D. Buccib, A. Schimpfb  
a CEA, Nuclear Energy Division, Radiochemistry & Processes Department,  Marcoule F-30207 Bagnols sur Cèze, France 
b IMEP-LAHC, Minatec, 3, parvis L. Néel - Bâtiment  INP-Grenoble BP 257, 38016 Grenoble, France 
 
Abstract 
In this paper, we describe some techniques useful for performing chemical measurements requiring very low sample volumes. 
This aspect is particularly important in the nuclear industry, where the need for controlling the nuclear fuel processes requires 
a high number of chemical analysis. Moreover, the radiotoxic hazard is proportional to the sample volume. The approach 
proposed here combines integrated optics on glass by ion-exchange and microfluidics. A first demonstrator is an integrated 
Young interferometer on a microchannel. Tested with a solution of cobalt in ethanol, it has a detection limit of 4x10-3 M with 
a probed volume of (33.5 ± 3.5) pL. In order to achieve lower detection limits with even smaller volumes, we also propose 
some preliminary results on an integrated absorption spectrometer exploiting the principle of slot waveguides. 
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1. Introduction 
In the context of chemical analysis, the scale factor of the sample is an important issue which might strongly 
affect the classical methodologies. The field of life science analysis involves working massively and in parallel, 
by using thousands of criteria and biological objects. The current technological paradigm, based on heavy robots 
pipetting and the "standard" microliter plates reached its physical limits. In the context of nuclear research, if the 
objectives may be substantially the same (screening, reduction of sample volume), chemical analysis of solutions 
issued by industrial or environmental processes offers particularly attractive opportunities. The reduction and 
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sensor exposure, the lower volume of analytical effluents, and the lower activity of the sample will lead to more 
safety for workers and the environment. Furthermore, the relocation of analytical effluents and the shorter 
waiting time between two analyses can decrease the  operational costs. 
 
These last years, the prospects for future reprocessing or multi-recycling of plutonium highlighted the 
analytical problems related to the limited in-line (or real time) analytical method of the process flow. For 
example, a real time control of NpIV leakage in solutions containing concentrated UVI ou PuIII (COEX™ 
process) is impossible for the moment. The analysis of uranium and plutonium species, and the acidity of the 
process solutions present the main permanent interest for real-time analysis. 
 
Multichannel spectrophotometry and X fluorimetry are currently the only chemical analysis techniques 
described in a radioactive industrial process for the perspective of an online analysis. However they do not 
always provide an obvious solution, as they need sample preparation (as for NpIV in the COEX™ process) and 
are not resistant to all the chemical or radioactive stresses (e.g. clouding of optical fibers). The micro-HPLC or 
the FIA techniques could then provide some new real time analytical techniques on derivatives flows. 
Nevertheless, in the case of μ-HPLC, the spectrometric signal emitted from a 700nL per minute flow is too weak 
to be detected. As for FIA case, the total volume per year of analytical effluents is still too high, and the method 
does not implement easily the fluidic solutions for the well-known liquid-liquid extraction techniques used for 
sample preparation. 
 
A lab-on-a-chip (LOC) is a device that integrates one or several laboratory functions on a single chip, of a few 
square centimeters, using extremely small fluid volumes (micro to picoliters). Microfluidics is a broad term that 
describes also mechanical flow control devices like pumps and valves or sensors like flow meters and 
viscometers. It has been notified, by the MIT in 2004 as one of the 10 new technologies which will change the 
world [1]. 
 
Thanks to these specific properties, CEA (DEN-DRCP - Marcoule) has committed a few years ago in the 
development of liquid-liquid extracting systems with the technical means of CEA Leti. Today, the constraint of 
the analysis on the future reprocessing processes leads two units of the CEA (DRCP and DPC) to share a 
common objective in order to simplify the access to a micro-system dedicated to liquid-liquid extraction, 
prototyped by a photo-ablative laser. The selective medium, a Shott Borofloat® 33 glass, is a particularly 
attractive glass for its chemical composition close to nuclear glasses, and well-known for its resistance to 
chemicals and to radiation [2]. Furthermore, it is the basis for ion-exchange techniques as is proposed by the 
IMEP – LAHC, recognized for its expertise in integrated optics. 
 
For some years, the CEA Marcoule and the IMEP - LAHC have been collaborating to co-integrate 
spectrometric methods of measurement and micro-fluidic channels. The research work of Armin Schimpf (IMEP 
- LAHC) has shown for the first time the sensitivity and the stability of such an approach, justifying all the 
interest that we could have[3,4]. 
 
Currently, the project is progressing in two directions, one on the treatment of the sample by Lab-on-Chip 
techniques and the other by the detection of thermal lens spectrometry (TLS) and through molecular absorption 
spectrophotometry, both in integrated optics specially designed to meet the demands of micro volume samples. 
Sampling methodology must be treated as a full subject by focusing on two particular issues: the 
representativeness of the sample and the possible clogging of capillaries. This work, in progress in the CEA 
laboratory, is outside the scope of the study we propose here and will be treated in a further communication. 
In the following paragraphs, we start by discussing the integrated optics on glass technology, as well as the 
possibility of co-integrating optical devices with microfluidics. We then show a thermal lens spectrometer and 
some preliminary results aiming the realization of an integrated spectrophotometer.  
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2. Co-integration of integrated optics and microfluidics
The co-integration of microfluidic and optical functions for analysis in a hostile environment needs a 
chemically inert substrate, compatible with both technologies of integrated optics and microfluidics. Glass allows 
such a co-integration [5] and borosilicate glasses such as Borofloat® or Pyrex® are chemically very resistant [2]. 
Considering the optical functions realization, ion-exchange on glass has been recognized as an efficient 
technique to fabricate waveguides for the visible to near infrared optical range [6,7]. The principle is to locally 
increase the optical refractive index, by modifying the chemical composition of the glass substrate. This is 
achieved by exchanging alkaline ions normally present in the glass (usually Na+ or K+) with others provided by a 
molten salt (K+, Ag+, Tl+). The index increase can be induced by local mechanical stresses or by a different ion 
polarizability. The light confinement is thus achieved thanks to the well-known process of total internal 
refraction.  
Micro-channel fabrication in glass implies locally etching the substrate. Various techniques exist for glass 
etching. They can be mechanical, such as sandblasting or diamond sawing [8–10], which are simple and 
relatively low cost techniques but cause high surface roughness.  
Among other strategies, glass wet etching is broadly used [11–13] for its simplicity, low cost and high rate. Its 
isotropic behavior, however, prevents the fabrication of high aspect ratio structures and limits its use for the co-
integration of optics and microfluidic functions. We therefore focused on dry etching. Even though etching rates 
are around ten times lower [14,15], it has indeed been proved that aspect ratios as high as than 10 could be 
obtained by reactive ion etching (RIE) [14]. Masking layers are usually constituted of amorphous or 
polycristalline silicon [5,14,15], or of metalic layers such as electroplated nickel or chromium [5]. The use of 
SU8 resist have also been reported [16], but with a very low selectivity. The most used gases are fluoride gases 
such as CHF3, CF4 or SF6. However, since glass is composed of various oxides (for example SiO2, MgO, CaO, 
Al2O3, Na2O, B2O3), insoluble fluoride coumpounds are formed on the surface during the process, behaving as 
masking layers leading to the formation of defects. An inert gas such as argon is often introduced into the RIE 
chamber in order to increase the glass physical etching and eliminate those unwanted compounds [15]. 
The integration of ion-exchange on glass and microfluidic has already been reported [17]. In the following 
paragraphs, we will further develop two different spectroscopy techniques: integrated thermal spectroscopy and 
absorption spectroscopy 
2.1. Working principle and realization of an integrated thermal spectrometer 
The working principle of the proposed sensor (an integrated Young interferometer) is shown in Figure 1.a. A 
symmetrical Y-junction is fabricated with single-mode waveguides on a Borofloat® 33 substrate. The 
waveguides have been obtained via a silver/sodium ion-exchange, by immersing the sample in a AgNO3/NaNO3 
salt mixture at a molar ratio of 0.8 and at a temperature of 353°C for 14.5 min. A burying step via a 360 kV/m 
electric field for 100 min is performed, while the sample is maintained at 260°C in a mixture of Mg(NO3)2 and 
NaNO3. This allows obtaining a burying depth of (4.9 ± 0.9) μm. At the end of the Y junction, the light interacts 
with the analyte contained in a microchannel perpendicular to the Y junction. This microchannel is obtained 
thanks to a micro-dicing process and its width is 235 μm whereas its depth is 180 μm,. A cover is obtained by 
molecularly bonding another Borofloat® 33 wafer. The advantage of the molecular bonding is that it does not 
require the use of an adhesive polymer, thus increasing the robustness against radiations of the whole device. At 
the two outputs of the Y-junction, the light passes through a microchannel containing the solution to be analyzed. 
The wavelength Op=980 nm is not absorbed by cobalt nor by ethanol and has thus been chosen as a probe, to form 
the interference fringes at the output of the interferometer. Pulsed laser light at Oe=532 nm is instead brought by a 
multimode optical fiber placed vertically in front of only one of the outputs of the Y junction. The cobalt absorbs 
this wavelength. A groove was obtained in the 1.1 mm thick cover with the same micro-dicing tool used for the 
channel. The groove allows aligning the vertical fiber on top of one of the junction branches, by maintaining the 
distance between the end of the fiber and the channel close to 200 μm.  
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When absorption is weak, the absorption of the excitation beam leads to fluid heating is proportional to the 
analyte concentration. The consequent fluid temperature increase determines a change in the fluid refractive 
index, which shifts the fringe detected at the output of the interferometer.  
The fringes are acquired with the excitation laser switched on and off. Then, the phase shift is calculated thanks 
to a comparison between the Fourier transforms of the two images. Figure 1.b shows the measurement results 
obtained by varying the molar concentration of cobalt in ethanol, with a   Y-junction separation of 200 μm. The 
error bars on the x-axis have been evaluated while preparing the test solutions. Six fringes-shift measurements 
were made for each point, to obtain the sample mean x and the standard deviation ı, via a Student’s distribution, 
assuming independent and identically distributed measurements. The vertical error bars correspond to a 3ı 
interval. In this configuration, the detection limit has been evaluated as 4x10-3 M, by estimating the standard 
deviation from 20 blank measurements. A probed volume of (33.5 ± 3.5) pL is formed by the intersection 
between the probing and the excitation beam. In order to further reduce the volume needed for the measurements, 
we investigate in the following paragraph an alternative approach, based on absorption spectroscopy. 
 
Figure 1: a) A scheme of the proposed integrated Young interferometer. The fringes produced at the output facet can be collected by a 
microscope objective and focused on an infrared camera. b) The measured phase shift ǻĳ versus the molar concentration of cobalt in ethanol 
(range 0 to 0.1 M). Excitation laser pulses of (270 ± 27) μJ. 
2.2. Integrated absorption spectroscopy devices 
Absorption spectroscopy is based on the ability of species to absorb light at some wavelengths and can be 
described by the Beer-Lambert law [18]. While in bulk optics the whole power is considered to pass through the 
fluid, miniaturization and integrated optics techniques imply considering the confinement factor ī and taking into 
account the amount of power effectively interacting with the fluid. The Beer-Lambert law is then expressed as: 
 ܲ ൌ ଴ܲ ሺെ ߁ߙܮሻ (2) 
With P0 the injected power, P the transmitted power, L the fluid/light interaction length, Į = Ǫc the analyte 
absorption coefficient, Ǫ the molar extinction coefficient and c the analyte concentration.  
Integrated optical absorption spectroscopy has been widely studied through two main techniques: evanescent 
wave sensors [19–21] and slot waveguides [22,23]. In both techniques, integrated waveguides of dimensions 
ranging from hundreds of nanometers to some micrometers are designed, together with nano or micro-channels. 
The interaction depth (dimension parallel to the light propagation axis) is in both cases of some tens to one 
hundred nanometers. The main difference is that, whereas only the decaying part of the light beam interacts with 
the fluid in evanescent wave sensors, in slot waveguides the light is enhanced and guided through the fluid thanks 
to the discontinuity of the normal field component, resulting in a higher confinement factor [24]. Furthermore, 
the whole fluid interacts with light, an important parameter when we want to limit the fluid volume. 
Using materials leading to a high refractive index difference, such as silicon (3.46) and air (1), confinement 
factors as high as 30% could be achieved [24]. However, in the scope of this study, we aim at working in the 
visible to low-infrared range, where silicon absorbs light. Glass is then more suitable for this work. 
Reference arm 
Probing arm 
Microchannel
Heated region
Slab waveguide 
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Integrated optics on glass leads to low confinement waveguides, with substrate indices around 1.5 and index 
differences lower than 0.1 [7]. The waveguides dimensions need therefore to be higher than 1μm. Furthermore, 
working with nitric acid or oily matrices lead to fluid refractive indices higher than 1.33.  
We performed numerical computations based on the slot waveguide structure presented in [24]. The materials 
have been changed: the substrate is made of Borofloat® glass (nsub = 1.4635 at Ȝ = 981 nm), We create 
waveguides by increasing the refractive index by 0.1, and the fluid to sense is water (nc = 1.33). The nano-
channel width (wc) is kept at 100 nm while the waveguide dimensions are increased: wwg = 500 nm and h = 1 μm. 
Figure 2 depicts the transverse electric field distribution, superimposed to the slot waveguide structure 
surrounded by Borofloat®. The expected enhanced behavior inside the nano-channel is observed and leads to a 
confinement factor of about 8.6%. It has to be said that those simulations treat an ideal case, knowing that a 0.1 
increase of the refractive index by ion exchange on glass is an optimistic assumption. We therefore demonstrated 
that the confinement factor for a slot waveguide structure in glass would not exceed 8%. To sum-up, we want to 
detect traces of elements with small extinction coefficient, while working on nanofluidic volumes, and with 
confinement factors lower than 8%. Using the Beer-Lambert law, with ī=5%, for cobalt in ethanol, a sensor 
based on absorption spectroscopy such as the one described here would allow to get the same sensitivity as the 
previous device, provided that an interaction length of several tens of centimeters is reached. The probe volume 
would then be of the order of 10 cm x 100 nm x 1 μm = 0.01 pL, that is to say 3 orders of magnitude lower than 
the previous device. Two possibilities are currently under study to increase L: either effectively increasing the 
length designing spiral-like slot-waveguides, or trap the light in a resonant structure containing the fluid by cavity 
ring down spectroscopy (CRDS) [25]. 
 
 
Figure 2: Quasi TE electric field of a slot waveguide structure 
3. Conclusion 
In this paper, we described some techniques for the realization of chemical measurements on very low sample 
volumes. We first showed the interest in reducing sample volumes in the field of nuclear fuel  processes. We 
showed how the integrated optics on glass conjugated with the microfluidics paves the way for a whole new 
range of sensors able to work with very reduced sample volumes. We showed how an integrated Young 
interferometer could be fabricated and combined with a microfluidic channel, in order to obtain a detection limit 
of 4x10-3 M with a probed volume of (33.5 ± 3.5) pL. More advanced devices, such an absorption spectrometer 
based on slot optical waveguides might reduce of several orders of magnitude the probe volume. 
 
 
wwg 
wc
h
690   E. Jardinier et al. /  Procedia Chemistry  7 ( 2012 )  685 – 690 
 
Bibliography 
[1]  “MIT Technology Review” (2004). 
[2]  “Home Tech - BOROFLOAT® | SCHOTT North America.” 
[3]  A. Schimpf, D. Bucci, M. Nannini, A. Magnaldo, L. Couston, and J. E. Broquin, “Photothermal microfluidic sensor based on an 
integrated Young interferometer made by ion exchange in glass,” Sensors and Actuators B: Chemical (2011). 
[4]  A. Schimpf, D. Bucci, J. E. Broquin, E. Ghibaudo, L. Bastard, L. Couston, F. Canto, and A. Magnaldo, “Photothermal microfluidic 
chemical sensor made by integrated optics on glass,” presented at ECIO, 2012, Barcelona, Spain. 
[5]  J. Vieillard, R. Mazurczyk, L.-L. Boum, A. Bouchard, Y. Chevolot, P. Cremillieu, B. Hannes, and S. Krawczyk, “Integrated 
microfluidic-microoptical systems fabricated by dry etching of soda-lime glass,” Microelectronic Engineering 85, 465–469 (2008). 
[6]  A. Tervonen, B. R. West, and S. Honkanen, “Ion-exchanged glass waveguide technology: a review,” Optical Engineering 50, 071107 
(2011). 
[7]  J.-E. Broquin, “Glass integrated optics: state of the art and position toward other technologies,” in Proceedings of SPIE, pp. 647507–
647507–13, San Jose, CA, USA (2007). 
[8]  E. Belloy, S. Thurre, E. Walckiers, A. Sayah, and M. A. M. Gijs, “The introduction of powder blasting for sensor and microsystem 
applications,” Sensors and Actuators A: Physical 84, 330–337 (2000). 
[9]  Q. Pu, R. Luttge, H. J. G. E. Gardeniers, and A. van den Berg, “Comparison of capillary zone electrophoresis performance of powderǦ
blasted and hydrogen fluorideǦetched microchannels in glass,” ELECTROPHORESIS 24, 162–171 (2003). 
[10]  L. Szekely and R. Freitag, “Fabrication of a versatile microanalytical system without need for clean room conditions,” Analytica 
Chimica Acta 512, 39–47 (2004). 
[11]  R. Mazurczyk, J. Vieillard, A. Bouchard, B. Hannes, and S. Krawczyk, “A novel concept of the integrated fluorescence detection system 
and its application in a lab-on-a-chip microdevice,” Sensors and Actuators B: Chemical 118, 11–19 (2006). 
[12]  C. Iliescu, B. Chen, and J. Miao, “On the wet etching of Pyrex glass,” Sensors and Actuators A: Physical 143, 154–161 (2008). 
[13]  M. Bu, T. Melvin, G. J. Ensell, J. S. Wilkinson, and A. G. R. Evans, “A new masking technology for deep glass etching and its 
microfluidic application,” Sensors and Actuators A: Physical 115, 476–482 (2004). 
[14]  X. Li, T. Abe, and M. Esashi, “Deep reactive ion etching of Pyrex glass using SF6 plasma,” Sensors and Actuators A: Physical 87, 139–
145 (2001). 
[15]  J. H. Park, N.-E. Lee, J. Lee, J. S. Park, and H. D. Park, “Deep dry etching of borosilicate glass using SF6 and SF6/Ar inductively 
coupled plasmas,” Microelectronic Engineering 82, 119–128 (2005). 
[16]  A. Baram and M. Naftali, “Dry etching of deep cavities in Pyrex for MEMS applications using standard lithography,” J. Micromech. 
Microeng. 16, 2287–2291 (2006). 
[17]  J. N. McMullin, H. Qiao, S. Goel, C. L. Ren, and D. Li, “Integrated optical measurement of microfluid velocity,” Journal of 
Micromechanics and Microengineering 15, 1810–1816 (2005) [doi:10.1088/0960-1317/15/10/004]. 
[18]  L.H.J. Lajunen and P. Peramaki, Spectrochemical analysis by atomic absorption and emission, 2nd ed. (2004). 
[19]  K. O. Hill, A. Watanabe, and J. G. Chambers, “Evanescent-Wave Interactions in an Optical Wave-Guiding Structure,” Applied Optics 
11, 1952–1959 (1972). 
[20]  G. Pandraud, T. M. Koster, C. Gui, M. Dijkstra, A. Van Den Berg, and P. V. Lambeck, “Evanescent wave sensing: new features for 
detection in small volumes,” Sensors and Actuators A: Physical 85, 158–162 (2000). 
[21]  X. C. Li, J. Wu, A. Q. Liu, Z. G. Li, Y. C. Soew, H. J. Huang, K. Xu, and J. T. Lin, “A liquid waveguide based evanescent wave sensor 
integrated onto a microfluidic chip,” Applied Physics Letters 93, 193901–193901–3 (2008) [doi:doi:10.1063/1.2988648]. 
[22]  C. A. Barrios, K. B. Gylfason, B. Sánchez, A. Griol, H. Sohlstr\öm, M. Holgado, and R. Casquel, “Slot-waveguide biochemical sensor,” 
Optics letters 32, 3080–3082 (2007). 
[23]  F. Dell’Olio and V. M. Passaro, “Optical sensing by optimized silicon slot waveguides,” Opt. Express 15, 4977–4993 (2007) 
[doi:10.1364/OE.15.004977]. 
[24]  Q. Xu, V. R. Almeida, R. R. Panepucci, and M. Lipson, “Experimental demonstration of guiding and confining light in nanometer-
sizelow-refractive-index material,” Opt. Lett. 29, 1626–1628 (2004) [doi:10.1364/OL.29.001626]. 
[25]  H. P. Loock, “Ring-down absorption spectroscopy for analytical microdevices,” TrAC Trends in Analytical Chemistry 25, 655–664 
(2006). 
 
